Neuronal activity is an essential stimulus for induction of plasticity and normal development of the CNS. We have used differential cloning techniques to identify a novel immediate-early gene (lEG) cDNA that is rapidly induced in neurons by activity in models of adult and developmental plasticity. Both the mRNA and the encoded protein are enriched in neuronal dendrites. Analysis of the deduced amino acid sequence indicates a region of homology with ~x-spectrin, and the full-length protein, prepared by in vitro transcription/ translation, coprecipitates with F-actin. Confocal microscopy of the native protein in hippocampal neurons demonstrates that the lEG-encoded protein is enriched in the subplasmalemmal codex of the cell body and dendrites and thus colocalizes with the actin cytoskeletal matrix. Accordingly, we have termed the gene and encoded protein Arc (activity-regulated cytoskeleton-associated protein). Our observations suggest that Arc may play a role in activity-dependent plasticity of dendrites.
sistent with classical studies of learning and memory that demonstrate a requirement for protein synthesis in longterm, but not short-term, memory (Flexner et al., 1963; Agranoff, 1981; Davis and Squire, 1984) .
Insight into genomic mechanisms that might underlie long-term plasticity initially came from studies of growth factor signaling in nonneuronal tissues. Growth factor stimulation induces the rapid and transient expression of a set of genes, termed immediate-early genes (lEG) , that encode transcription factors and cytokines, as well as other molecules, that are believed to regulate long-term cellular responses (reviewed by Lau and Nathans, 1991) . Similar rapid genomic responses are induced in neurons by neurotransmitter stimulation (Greenberg et al., 1986; Sheng and Greenberg, 1990) . Kandel and coworkers have used a simplified cultured system of invertebrate neurons to demonstrate an essential role for both mRNA and protein synthesis in long-term synaptic plasticity (Montarolo et al., 1986 ) and a direct role for the lEG transcription factor CCAAT enhancer-binding protein (Alberini et al., 1994) .
To identify components of the genetic program underlying long-term responses in the vertebrate brain, we and others have used differential cloning techniques to identify mRNAs that are rapidly induced by excitatory activity (Nedivi et al., 1993; Qian et al., 1993; Yamagata et al., 1993 Yamagata et al., , 1994a Yamagata et al., , 1994b . In addition to transcription factors (Yamagata et al., 1994a) , this approach has identified a number of lEGs that encode enzymes that may directly modify cellular function, including tissue plasminogen activator (Qian et al., 1993) , an inducible form of cyclooxygenase (Yamagata et al., 1993) , and a novel homolog of H-Ras (Yamagata et at., 1994b) . These proteins presumably interact with existing cellular proteins to modify properties
Introduction Results
Recent studies support the concept that neuronal plasticity involves two temporally distinct components Nguyen et al., 1994) . Transmitter stimulation results in rapid membrane ionic conductance changes and associated protein phosphorylation events that underlie short-term cellular changes lasting minutes to hours. By contrast, long-term plasticity is distinguished from shortterm plasticity in that it requires the synthesis of new mRNA and proteins. This mechanistic framework is con1These authors made nearly equivalent contributions to this paper.
Arc cDNA Sequence
A novel cDNA corresponding to the 3' noncoding region of a -3.2 kb m RNA was identified by differential screening of a subtracted cDNA library prepared from seizurestimulated hippocampus (Yamagata et al., 1993) . A near full-length cDNA was identified by iterative screening of a brain cDNA library prepared in our laboratory. The size of the cDNA (3032 bp; ent in all three reading frames 5'to the putative translation start site, and the nucleotide sequence surrounding the predicted initiating methionine conforms to the Kozak consensus for efficient translation, including a 5' GC-rich region (Kozak, 1987 (Kozak, , 1989 . Methionines are also present in amino acid positions 6 and 36 of this ORF but are not optimal for translation initiation. The 3' noncoding region includes a single ATTTA sequence that has been imp!i-' cated in destabilizing mRNAs (Shaw and Kamen, 1986) and a polyadenylation signal (AATAAA) 18 nucleotides from the 3' terminal poly(A) tail.
Predicted Protein Sequence: Homology to a-Spectrin
The predicted protein has a calculated molecular weight of 45,365 Da, a pl of 4.5, and is generally hydrophilic, with no identified signal sequence, no hydrophobic stretches of sufficient length to be membrane spanning, and no predicted glycosylation sites. Several possible phosphorylation sites were identified, including sites for protein kinase C and calcium/calmodulin-dependent kinase 2 (legend to Figure 1 ). To confirm the predicted ORF, we examined the size of the in vitro transcription/translation (TNT) product prepared from the full-length cDNA, as well as from cDNAs that were truncated by restriction in the predicted 3' nontranslated and coding regions. TNT of the full length cDNA resulted in synthesis of a protein that migrated on SDSpolyacrylamide gel electrophoresis (SDS-PAGE) with an apparent molecular weight of 55 kDa (see Figure 9) . TNT of cDNAs restricted at sites within the predicted ORF yielded products of reduced size, consistent with the position of restriction sites (data not shown). Additionally, TNT of a cDNA fragment lacking the putative translation start site but containing other 3' methionines yielded no product. Further confirmation that the identified ORF is correct was obtained by generating antisera against a bacterial fusion protein that recognizes an inducible protein in hippocampus that is very similar in size to the TNT product (see below).
We compared the predicted Arc amino acid sequence with the GenBank database to identify homologous proteins. The closest homology identified is with ~-spectrin (Wasenius et al., 1989; Moon and McMahon, 1990) (Figure 2) . The region of homology spans 156 amino acids in the carboxyl terminal half of Arc (amino acids 155-316), where it is 20% identical to the twenty-first and twentysecond repeats of ~-spectrin. Though this level of identity is generally too low to be predictive of function, we noted that the degree of identity between repeats in c~-spectrin is typically only 20% (Wasenius et al., 1989) . Each a-spectrin repeat is believed to form a tri-a-helix bundle that is stabilized by hydrophobic, leucine zipper-like interactions with neighboring coils (Yan et al., 1993) . Amino acids that are conserved between spectrin repeats correspond to sites of protein-protein interaction between coils. Because many of the amino acid differences between a-spectrin and Arc represent conservative changes, the overall level of homology in this region is 77%. Accordingly, the deduced amino acid sequence of Arc suggests that it possesses a spectrin-like domain that may be important in forming intermolecular interactions. A separate search of GenBank using only the NH2 terminal half of Arc was uninformative.
Arc mRNA Is Enriched in Brain and Is Rapidly Induced by Neuronal Activity and Growth Factors
We examined the expression and regulation of Arc mRNA in various tissues and in cultured PC12 cells. The 3.2 kb message was detected in hippocampus and was strongly induced within 30 min after an electrically induced seizure (maximal electroconvulsive seizure [MECS] ; Figure 3A) . Arc mRNA levels remain elevated for 8 hr after MECS and return to basal levels by 24 hr. Arc mRNA was also detected in normal cerebral cortex and rapidly increased following MECS. Basal expression of Arc mRNA in hippocampus and cerebral cortex rapidly decreased following administration of the N-methyI-D-aspartate receptor antagonist MK-801, suggesting that the level of basal expression is regulated by natural excitatory synaptic activity, as previously demonstrated for the transcription factor lEG zif268 (Worley et al., 1991) . Arc mRNA expression is strikingly enriched in brain relative to peripheral tissues.
The developmental profile of Arc mRNA expression was determined in rat forebrain ( Figure 3B ). Arc mRNA was first detected at postnatal day 8 and subsequently in- (Wasenius et al., 1989) , and amino acids that are present in at least one repeat of spectrin are indicated below the alignment in italics.
creased to peak levels of expression at postnatal day 21.
Arc mRNA continues to be expressed at relatively high levels in the adult forebrain. This pattern of developmental expression parallels that of several other lEGs, including zif268 Kaufmann et al., 1994) , and suggests a role for Arc in activity-dependent development. Arc mRNA expression was also examined in PC12 cells. Stimulation with nerve growth factor (NGF) or epidermal growth factor (EGF), but not fibroblast growth factor (FG F), resulted in a rapid increase in Arc mRNA ( Figure 3C ). Arc mRNA induction by growth factors was enhanced by concomitant treatment with the protein synthesis inhibitor cycloheximide, indicating that Arc is regulated as an lEG . Arc mRNA was not detected by Northern analysis in 3T3 mouse fibroblasts, either unstimulated or stimulated by serum, platelet-derived growth factor (PDGF), FGF, EGF, or PDGF/EGF (data not shown).
Arc mRNA Is Rapidly Regulated in Brain Neurons by Physiological Synaptic Activity
The rapid induction of Arc mRNA following MECS suggested that Arc may be regulated by excitatory synaptic mechanisms. To test this hypothesis, granule cells of the adult hippocampus were synaptically stimulated by activating their major afferent projection from the entorhinal cortex using a chronic, in vivo electrophysiological preparation (McNaughton et al., 1986) . The intensity and frequency of the synaptic stimulus can be precisely controlled in this preparation, and it is used extensively to study mechanisms of long-term potentiation (LTP). Stimulation at an intensity sufficient to activate granule cell action potentials, when administered at 0.1 Hz, did not result in increased Arc mRNA expression in l~hese cells ( Figure  4A ). By contrast, stimuli of the same intensity, when administered at high frequency (HF; 400 Hz), resulted in a rapid and robust induction of Arc mRNA in granule cells. Arc mRNA was induced in each of six animals sacrificed 30 min after the HF stimulus, as well as in each of an additional six animals sacrificed 1,2, or 4 hr after the stimulus (n = 2 each). No induction was detected in rats sacrificed 24 hr after the HF stimulus (n = 2), suggesting Arc mRNA expression had returned to basal levels by this time point. The time course of Arc mRNA induction following the HF stimulus was similar to that produced by MECS in the hippocampus. The magnitude of Arc mRNA induction by the HF stimulus was also comparable to that following MECS; however, unlike MECS, which induces Arc mRNA in the cortex and hippocampus, the HF stimulus induced Arc only in the hippocampus.
The HF stimulation parameters determined to induce Arc are identical to those determined previously to induce LTP, and in each of our preparations, the HF stimulus induced robust synaptic enhancement. Since LTP of this synapse involves activation of NMDA-type glutamate receptors (Abraham and Mason, 1988) , we examined the hypothesis that NMDA receptor activation is involved in the induction of Arc mRNA. The LTP stimulus protocol was repeated in animals pretreated with the NMDA receptor antagonist MK-801 (1 mg/kg). MK-801 blocked the induction of both LTP and Arc mRNA assayed 30 min following the HF stimulus (n = 3), indicating the synaptic induction of Arc involves activation of the NMDA receptor.
The basal level of Arc mRNA expression in the cortex is easily detected by Northern analysis and in situ hybridization, and it appears to be comparable to the basal levels of the most abundant lEGs, such as zif268. To examine the hypothesis that basal expression in cortex is regulated by natural synaptic activity, we monitored the effect of acutely interrupting synaptic input to the primary visual cortex. Afferent activity from the eye is blocked by intraocular injection of the sodium channel antagonist tetrodotoxin (TTX). Visual pathways in the rat are largely crossed (Zilles et al., 1984) such that following a monocular TTX injection, afferent activity is reduced in the contralateral visual cortex, whereas input to the visual cortex ipsilateral to the ocular TTX injection is largely unaffected (Thurlow and Cooper, 1988) . Rats sacrificed either 4 or 18 hr after monocular TTX injection (n = 3 each) demonstrated anatomically discrete reductions of Arc mRNA in the deafferented visual cortex ( Figure 4B ). Reductions were more pronounced after 18 hr than after 4 hr. Basal expression in cortex of other lEGs is similarly responsive to visual deafferentation (Worley et al., 1991; Yamagata et al., 1993 Yamagata et al., , 1994a 
Arc mRNA Is Expressed in the Molecular Layer of the Hippocampus, Suggesting Localization in Neuronal Dendrites
In situ studies provided evidence of an unusual cellular localization of Arc mRNA. Whereas the majority of the hybridization signal is associated with the cell bodies of the granule cells in the hippocampus, hybridization extends beyond the cell body layer into the molecular layer, which contains dendrites of granule cells ( Figure 5A ). Expression in the molecular layer was evident by 1 hr after MECS, whereas at earlier time points (15 or 30 min), Arc mRNA appeared to be restricted to the cell body layer. For comparison, we demonstrated the in situ hybridization with probe specific for the enzyme cyclooxygenase type 2 (Cox2; Figure 5B ). Cox2 is an lEG that is strongly induced in granule cells by MECS, and its mRNA induction exhibits a time course that is essentially identical to that of Arc (Yamagata et al., 1993 ). Despite a very high level of induction, Cox2 mRNA is exclusively associated with the cell body layer. Examination of photographic emulsion autoradiograms at higher magnification demonstrates that the Arc in situ (C and D) Bright (C) and dark (D) field micrograms of photographic emulsion from (A). Hybridization is uniformly distributed throughout the molecular layer and is not clustered over intrinsic neuronal or glial elements (asterisks) in the molecular layer (m). The border between dentate gyrus and CA1 sector is labeled by arrowheads. Magnification, 250 x. hybridization signal in the molecular layer is uniformly distributed and is not associated with foci of cell nuclei (Figures 5C and 5D) . These data suggest that hybridization in the molecular layer is associated with granule cell dendrites, as opposed to glial cells or neurons within the molecular layer.
Arc Protein Is Rapidly Induced in Brain and Is Enriched in a Salt and Triton Insoluble Fraction
Arc selective antiserum was generated against a bacterial fusion protein and used for Western analysis. Western analysis of hippocampus identified a single band with an apparent molecular weight of 55 kDa that was strongly induced 4 hr after MECS ( Figure 6A ). The size of the band detected in hippocampus is very similar to that of the TNT product and the predicted molecular weight based on the cDNA sequence. Based on these observations, we infer that the 55 kDa band represents natural Arc.
Western analysis was used to examine the solubility properties of natural Arc. Hippocampus was harvested 4 hr after MECS and homogenized in an isotonic sucrose buffer to isolate crude nuclear and soluble fractions. The pellet was sequentially washed with 2 M KCI to solubilize membrane-associated proteins and with 1% Triton X-100 to solubilize integral membrane proteins. Comparison of the relative amounts of Arc protein in these fractions demonstrated that Arc is markedly enriched in the final insoluble pellet ( Figure 6B ). The amount of protein in this final insoluble fraction represents -75% of the total hippocampal protein. In other experiments, we monitored Arc in fractions from cortex prepared using a protocol to purify cytoskeletal proteins (Pardee and Spudich, 1982) . Arc was not solubilized by sequential washes with 0.1 M KCI, 0.05 M NaHCO3, 1 mM EDTA, or H20 and was enriched in the subsequent acetone-washed precipitate. These observations stand in contrast to the predicted solubility of the protein based on sequence analysis and the observed solubility of both the bacterial fusion protein (both the glutathione S-transferase and hexahistadine fusion proteins are soluble at concentrations of 10 mg/ml) and the in vitro 
Arc ImmunoreacUvity Is Associated with Neuronal Perikarya and Dendrites
Arc selective antiserum was used for immunohistochemical studies of rat forebrain to assess the cellular localization and regulation of Arc protein ( Figure 7A ). In control brain, Arc immunostaining was detected in discrete populations of neurons in the hippocampus, amygdala, hypothalamus, striatum, and cortex, with intense staining of cell bodies and dendritic processes, including distal branches. In neocortex, neurons in layers II and VI were most intensely labeled. No immunoreactivity was detected in regions of axons or terminals. The general anatomic pattern of immunostaining parallels the mRNA localization. Within a particular structure, the typical pattern of immunostaining is intense labeling of a minority of cells. For example, in the dentate gyrus of the hippocampus, we estimate that 1%-2% of the granule cells demonstrate intense immunoreactivity. Other lEGs demonstrate a similar pattern of discrete cellular staining (Worley et al., 1991; Gass et al., 1993) , and in view of their dynamic regulation by natural synaptic activity, the basal expression pattern may be representative of the activity history of these neurons (Worley et al., 1991) . Following MECS, immunoreactivity increases markedly in the hippocampus, amygdala, and hypothalamus (Figure 7) . In the hippocampus, intense immunoreactivity is associated with virtually all of the granule cells. Consistent with the dendritic localization in granule cells of control hippocampus, after MECS, immunoreactivity is detected throughout the molecular layer and stands in contrast to the contiguous unstained regions of CA1. In the hypothalamus, there is also a marked increase in the number of intensely immunoreactive cells with prominent localization in processes. The time course of the induction of Arc immunoreactivity in the dentate gyrus parallels the time course of Arc mRNA following MECS, with detectable increases after 1 hr, maximal induction after 3-4 hr, and return to basal levels by 24 hr (data not shown).
Higher resolution cellular Iocalizations were obtained using a fluorescent secondary antibody and confocal microscopy in control tissue. Serial optical sections through the neuronal cell soma demonstrate immunoreactivity restricted to the subplasmalemmal cortex of the soma and dendrite (Figure 8) . At the base of the apical dendrite, immunostaining is detected as a layer that is contiguous with staining in the soma and extends up the perimeter, but not the center, of the dendrite. This pattern of staining is similar to that of spectrin Zagon et al., 1986 ) and F-actin (Matus et al., 1982; Caceres and Steward, 1983) .
Arc Cosediments with F-Actin
Based on its homology to spectrin, the solubility properties of natural Arc, and its localization in the subplasmalemmal region of neurons, we examined the hypothesis that Arc interacts with cytoskeletal proteins. Full-length Arc was prepared in vitro (TNT; Promega) and mixed with actin under conditions that favor either G-actin (low salt) or F-actin (100 mM KCI; Pardee and Spudich, 1982) , and macroaggregates were isolated by centrifugation. Arc cosediments with F-actin ( Figure 9A ). In control experiments, we also examined the cosedimentation properties of c-Fos, Jun D, Zif268, and murine macrophage migration inhibitory factor (Weiser et al., 1988 ; also termed DER-6 in Lanahan et al., 1992) . None of these proteins differentially cosedimented with F-actin, confirming that the Arc interaction with actin macroaggregates is selective.
Crude actin preparations, such as those used in the experiments described above, contain a number of actinassociated proteins that cosediment with actin under salt conditions that favor F-actin (Pardee and Spudich, 1982) . Contaminating proteins include tropomyosin and spectrin, which are part of the cytoskeletal network. To determine if Arc interacts directly with actin or indirectlyvia a contaminating protein, we examined Arc cosedimentation using a more highly purified actin preparation (kindly provided by Dr. Thomas Pollard). In these assays, Arc failed to cosediment with actin (data not shown). To determine whether the more purified actin might contain a factor that inhibits Arc cosedimentation, we examined Arc cosedimentation with mixtures of crude and purified actin preparations. In these experiments, Arc cosedimented with an efficacy that was proportional to the amount of crude actin in the mixture. These studies suggest that Arc cosedimentation involves interactions with an actin-associated protein.
We also examined whether Arc interacts with crude membranes prepared from hippocampus. Arc cosedimentation with the brain membrane preparation was enhanced by salt conditions that favor actin polymerization ( Figure  9B ).
Arc Is a Single Copy Gene, and Homologous Genes Are Present in Mouse and Human Genomes
Genomic Southerns were performed to determine whether Arc is a single-copy gene or a member of a gene family. A single, strongly hybridizing band was detected in EcoRI, BamHI, and Hindlll digests of rat genomic DNA hybridized under conditions of either reduced or high stringency. The rat cDNA probe detects a single, strongly hybridizing fragment in mouse genomic DNA and a single, more weakly hybridizing band in human DNA (data not shown). This indicates that the Arc gene is conserved across species and suggests an essential role for the gene product.
Arc Maps to a Region on Chromosome 15 that Contains the Recessive Mouse

Mutation stargazer
The mouse chromosomal location of Arc was determined by interspecific backcross analysis, using progeny derived from matings of ([C57BL/6J x Mus spretus]F1 × C57BL/ 6J) mice. This interspecific backcross-mapping panel has been typed for over 1600 loci that are well distributed among all the autosomes, as well as the X chr()mosome (Copeland and Jenkins, 1991) . C57BL/6J and M. spretus DNAs were digested with several enzymes and analyzed by Southern blot hybridization for informative restriction fragment length polymorphisms (RFLPs) using a rat cDNA Arc probe. The 11.5 M. spretus EcoRI RFLP (see Experimental Procedures) was used to follow the segregation of the Arc locus in backcross mice. The mapping results indicated that Arc is located in the distal region of mouse chromosome 15 linked to Myc, Tgn, and Pdgfb. Although 139 mice were analyzed for every marker, up to 158 mice were typed for some pairs of markers. Each locus was analyzed in pairwise combinations for recombination frequencies using the additional data. The ratios of the total number of mice exhibiting recombinant chromosomes to the total number of mice analyzed for each pair of loci and the most likely gene order are as follows: centromere- We have compared our interspecific map of chromosome 15 with a composite mouse linkage map that reports the map location of many uncloned mouse mutations (compiled by M. T. Davisson, T. H. Roderick, A.L. Hillyard, and D. P. Doolittle and provided from GBASE, a computerized database maintained at The Jackson Laboratory, Bar Harbor, ME). Arc mapped in a region of the composite map that contains a mouse mutation with a phenotype that might be expected for an alteration in this locus (data not shown). This recessive mutation is stargazer (Stg). Mice homozygous for Stg display spontaneous epileptic seizures and frequently tip their heads back and stare upward (Noebels et al., 1990) .
The distal region of mouse chromosome 15 shares a region of homology with human chromosomes 8 and 22.
In particular, Tgn has been placed on human 8q24 and Pdgfb on 22q 12.3-q13.1. Arc resides between these genes in mouse, suggesting that the human homolog will reside on one of these two chromosomes.
Discussion
Arc is a novel lEG that is enriched in brain and is rapidly regulated by neuronal activity. Arc mRNA is strongly induced in granule cell neurons of the hippocampus by nonepileptic, NMDA receptor-dependent synaptic stimuli in association with physiological synaptic enhancement (LTP). Basal expression in the adult cortex is regulated by natural synaptic activity, as evidenced by rapid reductions in Arc mRNA after either interruption of afferent visual activity or administration of an NMDA receptor antagonist. In the developing brain, basal expression of Arc mRNA increases markedly during the second and third postnatal weeks and parallels the period of enhanced NMDA-dependent responses of cortical neurons (Williams et al., 1993; Fox and Zahs, 1994) , as well as morphologically defined activity-dependent restructuring of synapses (Dobbing and Smart, 1974; Greenough et al., 1985) . These data suggest a role for the Arc in developmental and adult plasticity. . Arc Cosediments with F-Actin Arc was prepared by in vitro transcription/translation and its solubility was analyzed. (A) Arc was added to low salt (0 mM KCI) or high salt (100 mM KCI, 1 mM MgCI2) buffer and incubated in the absence or presence of actin as described in the text. Soluble (S) and pellet (P) fractions were analyzed by SDS-PAGE following centrifugation. In the absence of actin, Arc is soluble in both low and high salt conditions. In the presence of actin, Arc remains soluble in low salt conditions but is concentrated in the pellet in high salt conditions, which promote actin polymerization. The control, 13 kDa macrophage migration inhibitory factor protein, remains in the eupernatant under all conditions. (B) Arc was added to hippocampal membranes in low salt or high salt buffer, and soluble and pellet fractions were analyzed as in (A). The proportion of Arc in the pellet is increased in high salt conditions. campal granule cell neurons. Recent studies indicate that a select group of mRNAs are present in dendrites and are presumed to be specifically targeted to this structure (Steward and Banker, 1992; Wilhelm and Vale, 1993) . mRNAs present in dendrites include Map2 (Garner et al., 1988) and the a subunit of calcium/calmodulin-dependent protein kinase II (Burgin et al., 1990) . mRNA targeting has been demonstrated to be important in the development of Xenopus oocytes (Melton, 1987) and Drosophila embryos (MacDonald and Struhl, 1988; Gavis and Lehman, 1992) and may also be important for the neuronal synapse (Steward and Banker, 1992; Wilhelm and Vale, 1993) . Arc is unique among this group of targeted mRNAs in that it is an lEG. The carboxyl-terminal half of Arc possesses a modest degree of homology with the cytoskeletal protein a-spectrin. This amino acid homology led us to examine the ability of Arc to interact with cytoskeletal proteins. Arc, prepared by in vitro transcription and translation, cosediments with actin in salt conditions that favor the formation of polymerized F-actin. Arc also cosediments with washed brain membranes under identical conditions. Cosedimentation with the polymerized actin aggregate is selective for Arc, since several other proteins, including members of the Fos/Jun family, which possess coiled-coil motifs (Cohen and Parry, 1994) , do not cosediment in these assays. Cosedimentation of Arc with actin was most robust in assays using relatively crude actin, suggesting that Arc does not interact directly with actin but rather with an actinassociated protein.
Arc is predicted to be a soluble, cytosolic protein based on its overall hydrophilic amino acid sequence, absence of a signal sequence or large hydrophobic domains, and absence of consensus sequences for glycosylation. Consistent with this analysis, the size of the native protein in brain is identical to the protein prepared in vitro, indicating that the mature protein is unlikely to be extensively modified. However, the majority of native Arc in hippocampus is not solubilized by high salt (2 M KCI) or nonionic detergent (1% Triton). The relative insolubility of native Arc, together with our biochemical studies indicating that Arc coprecipitates with F-actin, suggests that Arc may be linked to macroaggregates of the cytoskeleton in vivo. In preliminary studies, we have used the yeast two-hybrid strategy (Chevray and Nathans, 1992) to identify proteins that interact with Arc. Three of five interacting clones identified thus far correspond to a protein that is homologous to restin, a structural protein from Reed-Sternberg cells (Bilbe et al., 1992) . We are currently investigating the physiological significance of this protein interaction.
Arc is expressed in discrete populations of neurons of the cortex and hippocampus and is enriched in the cell soma and dendrites. Confocal microscopic images indicate that Arc is present in the cortex of the cell body and dendrites and corresponds to the cellular localization of F-actin (Matus et al., 1982; Caceres and Steward, 1983) and spectrin Zagon et al., 1986) . Immunohistochemical Iocalizations are therefore consistent with the hypothesis that Arc interacts with the neuronal cytoskeleton.
Structural changes in the dendrite have been described in models of neuronal plasticity (Bailey and Kandel, 1993) . Baudry and Lynch (1988) suggested that influx of calcium might activate proteases and cleave spectrin, thereby facilitating structural rearrangement (Baudry et al., 1988) . Kandel and coworkers have demonstrated transmitterinduced structural changes in invertebrate synapses that are associated with long-term facilitation or depression and that are dependent on rapid RNA and protein synthesis (Schacher et al., 1993) . lEGs, such as Arc, that are targeted to the dendrite might play a direct role in this activity-dependent response by interacting with and modifying the function of existing structural proteins. Much as growth factor signaling alters cell motility by regulating the activity of proteins that change the gel-solid state of the cytoskeleton (Condeelis, 1993; Stossel, 1993; Janmey, 1994) , proteins that are rapidly induced could transiently modify the fluidity of the cytoskeleton and effect structural changes that persist despite rapid turnover of the lEG.
The many interesting properties of Arc suggest that understanding its regulation and cellular function will provide important insights into neuroplasticity.
Experimental Procedures
Animals and Supplies
Adult male rats (Sprague-Dawley or Fischer-344) were used. pS]UTP was obtained from NEN-Dupont. MK-801 was obtained from RBI. Kits for avidin-biotin and immunofluorescence methods were from Vector. Texas Red-labeled phalloidin and control sera were purchased from Sigma. Glial-fibrillary-acidic protein antisera was obtained from Dako. All other reagents were from Fisher and Sigma.
Construction and Screening of the Subtracted cDNA Library
A subtracted cDNA library was constructed as described (Yamagata et al., 1993 ). The subtracted library was screened with [32P]cDNA prepared by reverse transcription of poly(A) ÷ RNA prepared from hippocampus of control or seizure stimulated rats pretreated with cycloheximide (20 mg/kg, i.p.) as described previously (Lanahan et al., 1992; Yamagata et at., 1993) . A near full-length cDNA of rat Arc was isolated by iterative screening of an unsubtracted, oligo(dT)-primed cDNA library prepared from hippocampus harvested 4 hr after high-frequency stimulation in rats pretreated with cycloheximide.
DNA Sequencing
Both strands of the full-length Arc cDNA were sequenced as doublestranded plasmids with synthetic, specific primers by the dideoxynucleotide chain termination method using deoxyadenosine 5'-[~-3sS] thio triphosphate and Sequenase (USB).
Northern Analysis
This procedure was performed as described (Linzer and Nathans, 1983) with 10 ~g of total RNA per lane. The probe used for Northern analysis was a 1.0 kb 3'end fragment of Arc cDNA. The cDNA fragment was labeled by the random priming technique (Pharmacia) using [a-32P] dCTP.
Genomic Southern
EcoRI, BamHI, and Hindlll digested human, mouse, and rat genomic DNA (10 p.g) each were fractionated by agarose gel, transferred to nitrocellulose in 20 x SSC and probed with a 3.0 kb Arc cDNA labeled by the random priming technique (Pharmacia) using [(z-32P] dCTP. Prehybridization and hybridization incubations were done in 5 x SSC at 65°C. The final wash was done at either high stringency (0.5 x SSC at 68°C) or low stringency (2x SSC at 60°C).
In Situ Hybridization
Freshly dissected brain tissue was rapidly frozen in plastic molds placed on a dry ice/ethanol slurry as described previously . Control and experimental tissues were frozen in the same tissue block to assure identical conditions during tissue sectioning, subsequent storage, and in situ hybridization. ~S-labeled Arc antisense riboprobe was prepared from an appropriately restricted pBS plasmid containing the full-length cDNA. In situ hybridization was performed as described (Saffen et al., 1988) . Selected slides were treated with photographic emulsion (Kodak NTB2) and counterstained as previously described (Jordan, 1990) .
Generation of Polyclonal Antisera
Recombinant Arc (amino acids 132-396) was expressed as a bacterial fusion protein using the pTrcHis vector (Invitrogen) according to the protocol of the manufacturer. The fusion protein was soluble in nondenaturing buffer and was purified over NF+-nitrilotriacetic acid-agarose (Qiagen). Rabbits were immunized with the recombinant Arc protein using a standard immunization protocol (Cooper, 1994) . Antisera was purified over an affinity column prepared by cross-linking the recombinant protein to Affi-Gel 15 (BioRad) and antibodies eluted in glycine buffer (pH 2.8).
Immunoblotting
Tissue samples were sonicated in 5 v of 2% SDS loading buffered, resolved by SDS-PAGE, and transferred to nitrocellulose. Blots were incubated with the affinity purified antisera (dilution, 1:200) overnight at 4°C and developed using ECL (Amersham).
Immunocytochemistry
Experimental animals and age-and sex-matched controls were perfused with 4% paraformaldehyde in 0.1 M phosphate buffer solution (PBS). Brains were postfixed for 4-16 hr in the same fixative and subsequently cryoprotected in either 20% glycerol or 30% sucrose. Frozen sections, ranging from 25 to 40 #m, were cut on a sliding microtome, transferred to PBS, and processed for immunostaining. In all instances, sections were preincubated in normal goat serum as blocking agent and then incubated in primary antisera, at dilutions between 1:50 and 1:500 for 24-48 hr. Tissue and ceil population localizations were detected using the avidin-biotin procedure with horseradish peroxidase detection (Sternberger and Sternberger, 1986) . For subcellular Iocalizations, tissue was developed by immunofluorescence and, after epifluorescence microscopic survey, analyzed by confocal laser scanning microscopy according to a modified protocol (Vincent et al., 1991) . These studies included single-and double-labeling comparisons with GFAP, the transcription factor zif268, and phalloidin (a toxin that labels F-actin; Wulf et al., 1979) . Optical sections were registered and photographed at 1-5 I~m intervals in the xy and xz planes from control and MECS-stimulated neocortex and hippocampus.
Cellular Fractionation
Cortex was harvested from an adult rat 4 hr after MECS treatment (see Electrophysiology below). Tissue was homogenized in 10 mM Tris-HCI, 0.5 mM MgCI, and 0.32 M sucrose and was centrifuged at 900 x g to pellet the crude nuclear fraction. Supernatant was removed and was centrifuged for 100,000 x g/hr. The cytosolic fraction was removed, and the pellet was resuspended in a high salt solution of 2 M KCI, 25 mM Tris-HCI, 1 mM EGTA, and centrifuged for 100,000 x g/hr. The 2 M KCI soluble fraction was removed, and the pellet was resuspended in 1% Triton solution and centrifuged for 100,000 x g/hr. The Triton fraction and the insoluble pellet were separated, and all fractions were diluted in 2% SDS loading buffer; proportional amounts of each fraction were analyzed as described in Immunoblotting.
Cosedimentation Assays
For actin cosedimentation, rabbit skeletal muscle actin (Sigma) or highly purified actin (from laboratory of Dr. Thomas Pollard, prepared according to Pardee and Spudich, 1982) were resuspended in a low salt buffer (10 mM Tris-HCI [pH 8.0], 0.5 mM dithiotreitol, 0.2 mM ATP, 0.2 mM CaCI2). A high salt buffer additionally contained 100 mM KCI and tmM MgCI2. In conditions without actin, 1 p,I of [35S]Arc and DER-6 TNT products (Promega) were diluted in either low or high salt buffer. In actin conditions, 1 Id of Arc and DER-6 TNT products were added to resuspended actin, for a final volume of 100 Id and a final actin concentration of 1 mg/ml. Mixtures were incubated for 1 hr at 25°C and then centrifuged for 30 rain at 4°C and 300,000 x g. Supernatants and pellets were recovered and run on t 2.5% polyacrylamide gel and visualized by autoradiography. Additional samples of supernatants and pellets were run on 12.5% polyacrylamide gels and visualized by Coomasie staining to monitor the behavior of actin.
For sedimentation with brain homogenate, a rat hippocampus was sonicated in 1 ml low salt buffer. The insoluble fraction was isolated by a 5 min microcentrifugation (12,000 RPM). The pellets were resuspended in low and high salt buffers, and 1 I11 Arc TNT product was added to 99 ~1 of each resuspended pellet. The mixtures were incubated and centrifuged as above.
Electrophysiology
MECS were induced in adult rats using a constant current signal generator (ECT unit, Ugo Basil) as described previously .
For LIP studies, Fischer-344 rats were implanted bilaterally with stimulating and recording electrodes in the perforant path and hilus of the dentate gyrus as described previously . Rats were allowed to recover for at least 2 weeks before any recordings were performed. Fourteen chronically implanted rats received HF stimulation in one hemisphere and low frequency stimulation in the other hemisphere. Electrical stimuli consisted of 200 ms diphasic constant current pulses given at a stimulus intensity of 500 mA. The low frequency test stimulation was delivered at 0.1 Hz, and the HF stimulation parameters consisted of 50 repetitions of a 20 ms train (i.e., eight pulses) delivered at 400 Hz (400 total pulses). The HF parameters reliably induce LTP (Dragunow et al., 1989; Jeffery et al., 1990; Abraham et al., 1992; Worley et al., 1993) . Following this treatment, the rats were sacrificed at either 30 min (n = 6), 1 hr (n = 2), 2 hr (n = 2), 4 hr (n = 2), or 24 hr (n = 2).
Three additional animals were pretreated with MK-801 (1 mg/kg, i.p.) 1 hr prior to the delivery of the HF stimulus. The intensity of the stimulus was adjusted such that the postsynaptic population response was identical to that prior to MK-801 administration. Animals were sacrificed 30 min after the HF stimulus and processed for in situ hybridization.
Monocular Deprivation
Monocular deprivation was performed in adult Sprague-Dawley rats as described previously (Worley et al., 1991) using an intravitreal injection of the sodium channel antagonist TTX (10 p.I of 200 p.M solution of TTX in PBS).
Interspecific Mouse Backcross-Mapping
Interspecfic backcross progeny were generated by mating (C57BLJ 6J x M. spretus)F1 females and C57BL/6J males as described (Copeland and Jenkins, 1991) . A total of 205 N2 mice were used to map the Arc locus (see text for details). DNA isolation, restriction enzyme digestion, agarose gel electrophoresis, Southern blot transfer, and hybridization were performed essentially as described (Jenkins et al., 1982) . All blots were prepared with Hybond-N ÷ nylon membrane (Amersham). The probe, an -1.8 kb EcoRI fragment of rat cDNA, was labeled with [~.32p] dCTP using a nick translation labeling kit (Boehringer Mannheim); washing was done to a final stringency of 0.8 x SSCP, 0.1% SDS at 65°C. A fragment of 15.0 kb was detected in EcoRI-digested C57BL/6J DNA, and a fragment of 11.5 kb was detected in EcoRI-digested M. spretus DNA. The presence or absence of the 11.5 kb M. spretus-specific EcoRI fragment was followed in backcross mice.
A description of the probes and RFLPs for the loci linked to Arc including myelocytomatosis oncogene (Myc), thyroglobulin (Tgn), and platelet-derived growth factor beta (Pdgfb) has been reported previously (Brannan et al., 1992) . Recombination distances were calculated as described (Green, 1981) using the computer program Spretus Madness. Gene order was determined by minimizing the number of recombination events required to explain the allele distribution patterns.
